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ABSTRACT: We study the conformations of polymer chains in polymer−graphene oxide nanocomposites. We show that the chains have a reduced radius of gyration that is consistent with confinement at a solid interface in the melt, as is expected for well-dispersed, high aspect ratio nanoparticles that are much larger than the polymer coil size. We show that confinement of the polymer chains causes a corresponding reduction in interchain entanglements, and we calculate a contribution to the plateau modulus from the distorted polymer network via a simple scaling argument. Our results are a significant step forward in understanding how two-dimensional nanoparticles affect global material properties at low loadings. G raphene and related 2D materials have extraordinary physical properties that along with their high aspect ratio make them excellent candidate filler materials for polymer nanocomposites, 1 capable of producing significant gains in material properties at extremely low concentrations on the order of 1% by volume. 2, 3 The conformation of polymer chains in the interfacial regions in the vicinity of nanoparticles is of great interest. The modified structure and dynamics of the chains in this region may have a significant role in determining the final properties of the composites. The effect of zero-and one-dimensional fillers upon the polymer chain dimensions has been well studied, 4−6 but the question of the effect of twodimensional nanomaterials remains outstanding. In order to answer this problem, we investigate the effect of graphene oxide (GO), a highly functionalized form of graphene, upon the conformation of well-studied polymers poly(methyl methacrylate) (PMMA), where the GO is well-dispersed, and polystyrene (PS), where the GO dispersion is poor. We prepare the samples with a well-controlled thermal history, representative of typical industrial processing conditions. Using small-angle neutron scattering (SANS), we measure distortions in the polymer chain dimensions that show a distinct minimum in polymer chain dimensions at approximately 0.5% by volume of GO. Using rheology, we show that the distorted polymer chains, which each occupy less volume due to their confinement, are also less entangled with their neighbors, thus producing global changes to the sample behavior arising from nanometer-scale chain confinement. We present a direct measure of the effect of the GO upon the polymer matrix that relates to the bulk properties of the entire macroscopic composite material. We present a simple scaling analysis showing that the reduction in entanglement measured by rheology is associated with a reduction in chain dimensions, which is confirmed independently by the SANS measurements. This work significantly advances our understanding of the mechanisms by which nanocomposite material properties are modified by the presence of the filler.
Graphene oxide was exfoliated from graphite oxide 7 yielding nanoparticles with typical lateral dimensions of 5 μm and thickness of 1 nm, before polymer−graphene oxide (GO) nanocomposite samples were prepared by solvent processing in dimethylformamide (DMF) followed by compression molding (see Supporting Information for further details). Composites were formed of GO with poly(methyl methacrylate) and polystyrene, where each polymer matrix was formed from a blend of hydrogenous and deuterated polymer of closely matching molecular weight and polydispersity (dPMMA M n = 234 kDa, PDI 1.14; hPMMA M n = 237 kDa PDI 1.16; dPS M n = 87 kDa, PDI 1.1; hPS M n = 98 kDa, PDI 1.07) in order to highlight the individual chain conformations for SANS measurements.
SANS was carried out on the Sans2d instrument at the ISIS Pulsed Neutron Source (STFC Rutherford Appleton Laboratory, Didcot, U.K.). 7, 8 The fitting function applied within the SasView software comprises a model for the radius of gyration (R g ) scattering of a Gaussian polymer coil recast with a Schulz− Zimm polydispersity function, 9 an absolute power law describing the GO scattering, and a constant background term, with the overall expression
where A is a factor dependent on the volume fraction of deuterated polymer in the blend; x is the dimensionless
; and U is related to the polydispersity as
The obtained fitting parameters A, B, α, and C are tabulated in the Supporting Information. The polymer R g was measured from the fits to the SANS data as a function of GO nanoparticle concentration (Figure 1(a) and (b)). For poly(methyl methacrylate) ( Figure 1(c) ), a reduction in the polymer R g is observed with increasing concentration between 0.02 and 0.5 vol %, with R g reducing to 88% of its original value.
A reduction in entanglement density has been observed by experiment and theory in various confinement geometries. 10−15 The dimensions of the filler nanoparticle and its relation to polymer chain size are of great importance. 16 High aspect ratio nanoparticles, and nanoparticles with size much greater than R g , prevent chains within the vicinity of the surface from adopting a random coil conformation. Specific chemical interactions between the chain monomers and the nanoparticle surfaces also alter the chain conformation and dynamics. 17 Within an interfacial region extending one polymer R g from the confining surface, 12, 18 there is a predicted reduction in the component of R g normal to the surface. Thus, for a good dispersion, the volume fraction of sample occupied by the interfacial volume surrounding the filler may be estimated using the specific surface area of the filler and R g using the form ϕ i = ϕ f Sρ f R g . A theoretical specific surface area 19 of approximately S = 2630 m 2 /g is predicted for pristine, perfectly dispersed graphene. Assuming this value for S, ρ = 2.1 g cm −3 , and using for example PMMA with M n = 234 kDa and R g of 16 nm, the volume fraction ϕ i occupied by interfacial polymer chains is greater than 50 vol % for a filler volume fraction of ∼0.6 vol %, and ϕ i ≫ ϕ f . The interfacial volume fraction ϕ i increases with molecular weight in proportion to R g . The quantity ϕ f+i = ϕ f + ϕ i is most useful as it takes both filler and interface into account. Aside from purely steric effects, surface adsorption of the polymer at the GO interface could play an important role in the nature of the interfacial polymer layer. Although the largest reduction in R g is expected in the direction normal to the surface, 12 a typically prepared nanocomposite sample has nanoparticles situated in all orientations. The powerful averaging of SANS thus allows the measurement of a global average of R g for the sample, i.e., the average of the interfacial regions and the bulk, while rheological measurements probe the overall mechanical response of the sample and so are equally indiscriminate of chain orientation. It should be noted, therefore, that the interpretation presented in this paper yields only an average of interfacial and bulk chain conformations and relies on the basic assumption that the interfacial chain conformation could only be fully decoupled from the bulk chain conformation if the volume fraction of interfacial chains was precisely known or alternately if the interfacial chains could be explicitly labeled (say, via selective deuteration).
Rheology was performed on the actual SANS samples (after SANS) to ensure identical preparation and thermal history (for further details and discussion see Supporting Information). The time temperature superposition (TTS) theory of Williams− Landel−Ferry 20 was applied using the RepTate program. 21 The plateau modulus was determined by taking the value of the storage modulus, G′, at the minimum of the phase shift angle within the plateau region. A power law model for the nanoparticle percolation of the GO within the composite can be applied by the relation 22, 23 
where ϕ f is the volume fraction of GO; ϕ perc is the percolation threshold of the GO in the composite; and ν is the exponent of the system. Fits to the two regimes are shown in the inset of Figure 3 (c). The plateau modulus attributed to the rubbery network of entangled polymer chains within a polymer melt is expressed as 24, 25 
(where ρ is the monomer density, R the ideal gas constant). The minimum in R g observed by the SANS experiments is reflected by a reduction in G N 0 as a function of the GO concentration and is consistent with a decrease in interchain entanglements that results from the reduction in the configura- tional volume available to the interfacial chains, as illustrated schematically in Figure 2 panels (a) to (c).
Brown and Russell 26 first considered the effect of the confining geometry of a flat, solid surface upon the polymer M e . The total conformational volume pervaded by a Gaussian polymer chain 11, 26 is given by
where M is the polymer molecular weight; m is the segment molecular weight; and a is the segment size, while the chain occupies a hard-core volume of
gives a measure of the overlap between neighboring chains and is set to a constant (with a typical value of 2, depending upon chain packing, 11 the original model for which was proposed by Lin 27 and validated for a broad range of systems including PS and PMMA by Fetters and co-workers 28 ) as a definition of M e . This ratio is given by Brown and Russell 26 proposed that if the dimensions of the chain were approximately halved near to an interface (equivalent in the current notation to setting A′ = 1/2), this would produce a 4-fold increase in M e . The effect upon the plateau modulus in the case of an unfilled polymer melt follows via eq 3. Using R g 3 = V P /A as a measure of average polymer chain volume therefore allows us to track the perturbations to the polymer chain volume
We therefore calculate a scaled plateau modulus G N,SANS 0 for the polymer network perturbed by the presence of GO but not including the f iller contribution interface. The rheological plateau modulus is therefore the sum of the calculated plateau modulus and a contribution from the interactions between the entanglement network and the filler. Such contributions to G N 0 may arise from contacts between the polymer network and the filler acting as temporary cross-links on the time scales probed, e.g., via transient pinning 17 or otherwise.
Rheology was carried out on additional composites of GO with PMMA (87 kDa). In Figure 3(a) , the storage (G′) and loss (G″) moduli of pure 87k-PMMA and 87k-PMMA/0.48% GO composite are shown as a function of frequency, shifted to a single temperature of 200°C using TTS theory. 20 Figure 3(b) shows G′ in the terminal increasing with increasing concentration of GO within the composite. Figure 3 (c) shows this change in G′ as a function of GO concentration. Two regimes are apparent in the data that suggest a change in the quality of the dispersion of the GO between these two regions, such as aggregation of the GO. The plateau modulus as a function of GO concentration is seen in Figure 3(d) . Such a nonmonotonic trend in the plateau modulus of the polymer has also been observed by Liu et al. 29 for composites of ultra high molecular weight polyethylenes with reduced graphene oxide nanosheets (rGONs) where the minimum was interpreted to correspond with the rGON concentration value that gave the most efficient dispersion, before aggregation effects began to reduce the surface area to volume ratio (hence reducing the available polymer−rGON interactions) and increase the storage modulus.
In summary, this study of polymer−graphene oxide nanocomposites demonstrates that distortion of the polymer chains, due to the interfacial confinement effect from the high aspect ratio GO, reduces the number of interchain entanglements as measured using bulk rheology. We demonstrate that just 0.5% by volume of GO is enough to reduce the average chain dimensions in the bulk sample of poly(methyl methacrylate) by 12%, which highlights the potential for polymer−2D nanocomposites to produce changes in material properties with extremely economical use of nanofiller material. The link between the structural picture of the polymer chain confined at the interface with the dynamical rheological response, via a simple scaling argument based on simple thin-film polymer physics applied to a bulk situation, significantly advances our understanding of the mechanisms by which entangled polymer melts may be strongly altered by the presence of small quantities of high aspect ratio nanoparticles. 
